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Abstract

This manuscript reports on five cases of spontaneous myelogenous leukemia, similar to human

disease, occurring within highly inbred, histocompatible sublines of Massachusetts General

Hospital (MGH) MHC-defined miniature swine. In cases where a neoplasm was suspected based

on clinical observations, samples were obtained for complete blood count, peripheral blood smear,

and flow cytometric analysis. Animals confirmed to have neoplasms were euthanized and

underwent necropsy. Histological samples were obtained from abnormal tissues and suspect

lesions. The phenotype of the malignancies was assessed by flow cytometric analysis of processed

peripheral blood mononuclear cells and affected tissues. Five cases of spontaneous myeloid

leukemia were identified in adult animals older than 30 months of age. All animals presented with

symptoms of weight loss, lethargy, and marked leukocytosis. At autopsy, all animals had systemic

disease involvement and presented with severe hepatosplenomegaly. Three of the five

myelogenous leukemias have successfully been expanded in vitro. The clustered incidence of

disease in this closed herd suggests that genetic factors may be contributing to disease

development. Myelogenous leukemia cell lines established from inbred sublines of MGH MHC-

defined miniature swine have the potential to be utilized as a model to evaluate therapies of human

leukemia.
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1. Introduction

Chronic myeloid leukemia (CML) is a clonal proliferative disorder which involves the

myeloid, megakaryocyte, and erythroid lineages (Fletcher 2000). Similar to other

myeloprolferative disorders, such as polycythemia vera, agnogenic myeloid metaplasia, and

essential thrombocythemia, CML arises from a neoplastic transformation of a multipotent

bone marrow stem cell (Fletcher 2000; Goldman EE and Graham JC 2000; Whang et al.

1963). CML is observed in both humans and animals, usually afflicting an older population

(Jemal et al. 2007; Joiner et al. 1976; Leifer et al. 1983). In humans, this condition is most

often, but not always, associated with a chromosomal translocation between chromosomes 9

and 22, also known as the Philadephia chromosome (Ph). In Ph+ translocations the

oncogene ABL from chromosome 9 fuses with a region of chromosome 22 known as BCR

(breakpoint cluster region). Also in humans, Ph- CML is usually indistinguishable both

hematologically and histologically from Ph+ CML (Fletcher 2000). Because CML genetic

markers are not available for many of the veterinary species, definitive diagnostic criteria for

chronic myeloid leukemia is often difficult to obtain (Goldman EE and Graham JC 2000;

Messick J.B. and 2000). The clonal nature of the disorder is often unknown and the

diagnosis of CML is based on a progressive clinical course without improvement despite

treatment for other diseases that can be associated with a significant leukocytosis. Clinically,

CML usually begins with a gradual increase in peripheral blood myeloid cells in all stages of

differentiation. Given the multineage nature of the disorder, elevations of the platelet count

or erythrocytosis may occur. Hepatomegaly, and splenomegaly, due to organ infiltration by

the neoplastic cells usually occurs and other clinical signs including fatigue due to anemia,

anorexia, weight loss and depression may be observed. At any point in the disease, there

may be an abrupt change from the overproduction of otherwise mature cells to an

accelerated or blast phase. Death may be related to organ infiltration and dysfunction or may

be secondary to hemorrhage or severe infection during chronic or terminal phases.

Most of the documented cases of leukemias and lymphomas in veterinary oncology have

been in the domestic population, primarily in the dog and cat (Goldman EE and Graham JC

2000; Joiner et al. 1976; Leifer et al.1983; Messick J.B. and 2000). Hemolymphatic

neoplasias have been reported in farm animals as well, albeit to a lesser degree.

Malignancies of the hemolymphatic system were reported in swine as early as 1865

(Bostock and Owen 1973). Reports pertaining to swine neoplasias are limited because of

their early death due to slaughter or their utilization during young age for research.

However, lymphoma (Skavlen et al. 1986), myeloid leukemia and B cell lymphoblastic

leukemia (Rafferty et al. 2007) have been documented in the pig. In swine, specific reports

of myeloid leukemia have been described such as myeloid leukosis in young and newborn

piglets (Allsup et al. 1981; Marcato 1987), and myeloid neoplasms seen within herds

afflicting adult animals greater than 24 months of age (Kadota et al.1987; Kashima et al.

1982; Marcato 1987).

We report five cases of myeloid leukemias that occurred within MGH MHC-defined

miniature swine. Over the past thirty years, a selective breeding program was initiated to

develop and maintain miniature swine with defined MHC genes as a large animal model to

study transplantation biology (Sachs et al. 1976; Sachs 1992). Three lines homozygous for
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different MHC haplotypes (Swine Leukocyte Antigen (SLAa, SLAc and SLAd)) and five

lines that bear different intra-MHC recombinant haplotypes (SLAf, SLAg, SLAh, and SLAk)

have been bred to maintain heterozygosity at multiple minor histocompatibility loci. Within

the SLAd herd, however, intentional sequential sibling pedigreed mating was initiated in an

attempt to establish fully inbred sublines of SLAd pigs. These sublines have now reached a

coefficient of inbreeding (COI) of >94%, leading to acceptance of reciprocal skin grafts

(Mezrich et al. 2003).

In our study, five porcine chronic myeloid leukemias occurred in SLAd pigs. We present the

clinical, gross pathology, immunophenotype and diagnostic histopathological findings of

these swine myeloid leukemias. Myeloid leukemia cell lines derived from inbred miniature

swine have the potential for successful serial transplantation providing, for the first time, a

large animal model for studies of myeloid leukemias similar to man.

2. Materials and methods

2.1 MGH MHC-defined miniature swine

MGH MHC-defined miniature swine are bred at an Association for the Assessment of

Laboratory Animal Care (AALAC) accredited facility. All animals reported were SLAd

breeders over 30 month of age. This is a closed colony. This herd is located in the state of

Massachusetts which is USDA-recognized Brucellosis and Pseudorabies (Aujeszky’s

Disease) free. In addition, quarterly testing confirms that this colony is free of Transmissable

Gastroenteritis and Porcine Reproductive and Respiratory Syndrome. All piglets are

vaccinated against Mycoplasma Hyopneumoniae, Hemophilus Parasuis, Streptococcus Suis,

Pasteurella Multocida, Bordatella Bronchiseptica, Erysipelothrix Rhusiopathiae at day 7,

with a booster vaccination at 28 days of age and also circovirus. All swine six months or

older are vaccinated against Erysipelothrix Rhusiopathiae, Leptospira (Canicola-

Grippotyphosa-Hardjo-Icterohaemorrhagiae-Pomona), Influenza and Parvovirus. Repeat

vaccination and serology is performed every six months. A herdwide deworming program

with ivermectin is performed every six months. Quarterly (fecal/nasal bacteriology culture,

and fecal smear/floatation are performed. All diagnostic procedures and terminal euthanasia

(barbiturate overdose) were approved by the Massachusetts General Hospital Animal Care

and Use Committee. Complete blood count (CBC), Chemistry and flow cytometry data not

available for animal 12933.

2.2 Pathology

Severely ill animals were humanely euthanized. Organs (thoracic and abdominal organs)

were harvested and placed in 10% formalin for 24–72 hours. The tissues were cut at 5µm in

thickness and stained with hematoxylin and eosin (H&E) prior to analysis.

2.3 Flow Cytometry

Surface staining and flow cytometry were performed on available tissues, blood cells and

established cell lines. Cell suspensions made from peripheral blood, lymph node, liver, bone

marrow, spleen, small and large intestine were analyzed. Antibodies used for flow cytometry

were as follows: CD1 76-7-4 (Pescovitz et al. 1984); CD2 MSA-4 (Hammerberg and
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Schurig 1986; Pescovitz et al. 1994); CD3 898H2-6-15 (Huang et al. 1999); CD4 74-12-4

(Pescovitz et al. 1984); CD5 BB6-9G12 (Saalmuller et al. 1996); CD8 76-2-11 (Saalmuller

et al. 1994); CD16 G7 (Kim et al. 1994); CD172a 74-22-15 (Pescovitz et al. 1984); Class I

2.27.3a (Ivanoska et al. 1991; Lunney 1994); Class II DR 40D (Lunney 1994); Class II DQ

TH16 (Davis et al. 1987; Lunney 1994); CD21 BB6-11C9 (Boersma et al.2001; Denham et

al.1998); CD25 231.3B2 (Sinkora et al. 2001a); anti-mu heavy chain 5C9 (Paul et al. 1985);

and anti-k light-chain K139 3E1 (Sinkora et al. 2001b). Flow cytometry was performed

using a Becton Dickinson FACScan (San Jose, CA). Staining of cell suspensions was

performed as previously described (Huang et al. 2000). Data were analyzed using Winlist

list mode analysis software (Verity Software House, Topsham, ME). Immunophenotype of

tumor cell line 14736 has been previously documented (Cho et al Blood).

2.4 Complete Blood Count and Serum Chemical Analysis

Complete blood count (CBC) (HemaVet Drew Corp) and chemistry profiles (IDEXX Corp).

Parameters assessed were: alanine aminotransferase (ALT), lactate dehydrogenase (LDH),

aspartate aminotransferase (AST), alkaline phosphatase (ALKP), blood glucose, total

protein, blood urea nitrogen (BUN), creatinine, cholesterol, triglycerides, sodium (Na),

potassium (K), Chloride (Cl).

2.5 LDH Assay

Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood by Ficoll

gradient centrifugation and cultured for 18 hours with or without Phytohemagglutinin (M

Form, PHA) (Invitrogen). 14736 tumor cells were cultured as previously described (ref).

Cells were plated at 1×103 to 5×104 cells per well and total LDH was determined using the

Lactic Dehydrogenase based In Vitro Toxicology Assay Kit (Sigma Aldrich).

2.6 Statistical analysis

Blood and chemistry parameters were transformed into the log scale for data analysis. A

one-sample t-test was used to assess whether the leukocyte and hematocrit counts were

higher among the CML animals than the mean of the normal range under the assumption of

unknown variance. A two-sample t-test was used to compare the distribution of LDH levels

between the CML animals versus healthy controls under the assumption of unequal

variances. The p-values were based on a two-sided hypothesis test and computed using Stata

7.0 (Stata Corp, College Station, TX).

2.7 Karyotype and PCR

Karyotyping was performed based upon standard karyotyping protocols (bioProtocol,

www.bio.com). In brief, 1 × 106 tumor cells were placed in 5ml of culture medium (RPMI

with 10% fetal bovine setum) containing colchicine (1ug/ml) for 24 hours at 37°C in 25ml

T-flasks. The cells were then harvested, washed with Hank’s Buffered Saline (HBSS), and

placed in a hypotonic solution (75mM KCL) at 37°C for 12 minutes. Peripheral blood

lymphocytes were stimulated in culture with PHA (55ul in 5ml containing 3 × 107 cells) for

24 hours prior to the addition of colchicine. The cells were then fixed and washed with a 3:1

methanol:glacial/acetic acid solution. The cells were then dropped onto microscope slides
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using a pasteur pipette and allowed to air dry. The slides were then stained with a

Leishmann’s stain in Gurr’s buffer PH6.8 for 10 minutes. The slides were then washed with

water, dried, and cleared with xylene. Cover slips were them mounted to the slides. Tumor

cell lines derived from animals 14736 and 15433 were karyotyped and compared to normal

healthy PBMCs (16879) (Fig 10A). The chromosome spreads were aligned by morphology.

Polymerase Chain Reaction (PCR)—RNA was isolated from the human and porcine

PBL as well as from the porcine 14736 and K562 tumor cells with an RNAeasy Mini Kit

(Qiagen) according to the manfacturer’s protocol. cDNA was transcribed with the

Superscript III First Strand Synthesis System (Invitrogen). RT-PCR was performed with the

pABL (5’-TGTTGACCGGTGTGATGTAGTTGCTTGG-3’) and pBCR (5’-

ATAGCATCCCGCTGACCATCAACAAA-3’) primers. The reaction consisted of 1x buffer

A (Fisher Scientific Co), 1uM of each primer, 200uM each dNTP (Fisher Scientific Co.) and

2.5U Taq polymerase (Fisher Scientific Co.) in a final volume of 50ul. The PCR cycle

conditions were thirty cycles of 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 45

seconds followed by 10 minutes at 72°C. The GAPDH RT-PCR reactions were done under

the same conditions using primers 314 (5’-GGATTTGGTCGTATTGGGC-3’) and 315 (5’-

TGAGCTTGACAAAGTGGTCG-3’) and thirty cycles of amplification. The PCR products

were run on a 1.3% agarose gel.

3. RESULTS

3.1 History and Clinical Assessment

All animals reported were aged breeders (31–44 months old) (Table 1) which underwent

regular blood and health screenings as described in section 2.1. Blood work and a physical

exam were performed in lethargic/anorexic animals. Fecal exams were performed for the

presence/absence of parasites. Abnormal tissues and suspicious lesions were sampled for

histology. All five animals within our inbred SLAd miniature herd appeared thin (Figure 1

A,B). Both males (n=3) and females (n=2) were affected. All presented at our breeding

facility with symptoms of lethargy and anorexia. During the onset of symptoms, the animals

were observed. Non resolving weight loss and physical appearance of chronic weigh loss (as

observed by prominent spinous processes and iliac crests Figure 1A–B) assessed by the farm

veterinarian, led to further evaluation. On presentation animals 16228, 14736, 15433 and

16454 were pale. Animal 16228 presented tachycardic (heart rate of 190 (60–90 normal)),

and also exhibited labored breathing. In addition, increased lung sounds compatible with

lung disease and muffled heart sounds indicative of pleural/pericardial effusion was also

documented in this same animal. A III/VI systolic heart murmur was ausculted in 16228.

Animals 14736 and 16228 had diarrhea and abdominal effusion. These findings were

confirmed by gross pathology. All animals presented with organomegaly. An enlarged

abdomen is clearly visible in animal 16228 (Fig 1A) which exhibited a positive fluid wave

when balloted. The presence of organomegaly and the non-specific signs and symptoms

were compatible with a neoplastic process.
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3.2 Severe leukocytosis, anemia and increases in lactate dehydrogenase

Complete blood counts and peripheral blood smears were obtained from the affected

animals. Severe leukocytosis (p<0.001) with a mild to moderate anemia (p=0.034) (Figure

2) was identified in all animals. LDH levels were increased in the two animals in which it

was tested (16228 and 16454) (Fig 2B) (p=0.042). In addition, when LDH was tested in a

tumor cell line derived from animal 14736, it exhibited higher LDH levels when compared

to naïve or PHA blasted naïve cells (Fig 2C). Flow cytometric analysis, showed an abnormal

(increased) percentage of myeloid lineages based on forward and side scatter profiles when

compared to naïve healthy control animals. The granulocyte lineages and the monocytes

(Fig 3) had increased cellularity and the absolute leukocyte counts were above normal (Fig 3

and table 2). Peripheral blood smears showed the presence of crenation and hypochromia.

Pyknotic cells were also observed. Abnormal leukocytes (Fig 4A) of immature and blast-like

appearance were observed in the peripheral blood smears. Some of the cells were bi-

nucleated. Immature myeloid cells and eosinophils at various stages of maturity were also

present (Fig 4A). A monocyte rich cellular fluid collected from the ascites from animal

14736 was observed (Fig 4B).

3.3. Gross Pathology consistent with a leukemic process

Gross pathology was performed to further support the evidence of a leukemic process. As

previously noted, organomegaly (Fig 1) was observed in all animals. Ballottement of the

abdomen showed a clear fluid wave in animal 16228 and abdominal effusion was severe in

two (16228 and 14736). The quality of the abdominal effusion observed was hemorrhagic

(16228) and cloudy and straw-colored for 14736. The most remarkable finding was hepato-

splenomegaly in all affected pigs (Fig 5A,B). In animal 16228, the omentum was adhered to

the spleen, suggesting possible splenic hemorrhage. In this animal the liver and splenic

weights were measured. A weight of 4.7 kg (4.7% total body weight (TBW)- normal is 1.7%

(TBRC miniature pig references)) and 3.7 kg (3.7% TBW-normal is 0.12% (personal

communication MSA Kumar Tufts University School of Veterinary Medicine-professor of

anatomy)) were respectively recorded. Weights were not recorded for the other four animals.

On appearance they were pale and firm compared to normal tissue. The bone marrow was

abnormally pale as assessed by sternal biopsy taken for in vitro culture of the tumor.

Moderate/severe enlargement of the mesenteric and or mediastinal lymph nodes was also

observed in affected animals (16228, 14736, 15433). The livers of animals 14736, 12933

had small widespread nodules on gross necropsy.

Besides the enlarged liver, spleens and lymph nodes in the mentioned animals, other gross

findings included, pericardial effusion (n=3) and pleural effusion (n=2). The pericardium

was thickened with evidence of inflammation in one animal, while two other animals had

lesions on the outside surface of the heart. Adhesions involving the large and small bowel in

pig 14736, and the spleen of 16228 were recorded.

3.4 Histopathology is consistent with an invasive myeloid population

Tissues harvested for histopathological assessment are listed in Table 4. No fibrosis nor

megakaryocyte proliferation was observed in the bone marrow samples. The

myeoid:erythroid ratio was elevated in the BM (>3:1 M:E ratio). (Figure 6A). Affected
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animals had a low number of metarubricytes (yellow arrow). Increased number of

eosinophils and of myeloid precursors were also observed in the marrow. Infiltrations of

malignant cells were observed in the lymph nodes (Fig 6B), and kidneys (data not shown).

Monocytes and eosinophils were observed infiltrating the gastrointestinal tract in two

animals (Fig 6 C&D). The liver sinusoids were enlarged and an infiltrate of myeloid cells

was observed (Fig 7 A–C). Cellular infiltrates with a moderate amount of eosinophils were

visible in the spleen (Fig 7D). Destruction of normal follicular architecture in the spleen was

noted, with the presence of fibrosis. In all these cases the presence of round cells were

responsible for the organ enlargement with a predominance of monocytes and a significant

amount of eosinophils. No parasitic infection was identified in any of the reported animals.

3.5 A myeloid phenotype confirms chronic myelogenous leukemia in the affected swine

In order to assess the origin of the neoplastic cells, peripheral blood and tissues were

analyzed by surface staining and flow cytometry. Although, the size and granularity of all

the peripheral blood cells based on a forward scatter (FSC) versus side scatter (SSC) profile

(Figure 2) were consistent with an expansion of cells deriving from the myeloid lineage,

immature lymphoid (B or T cell of origin) blasts/immature cells also have increased size and

granularity and can overlap with the monocyte/granulocyte regions. We used a panel of

available porcine cell surface markers (materials and methods section 2.4), to distinguish the

lineage of these malignancies based on phenotype. These cells stained positively for MHC

class I and demonstrated heterogeneous staining for MHC class II. Most importantly, and

depicted in Figures 8 and 9, a high proportion of the PBMCs stained positive for the myeloid

markers CD16 and CD172a (Fig 8 and Fig 9A). These cells corresponded to the abnormal

tumor cells (micrographs from the smears from Figure 4). When compared to a normal

control (Fig 8-PBMC control), PBMC derived from affected animals had relatively few cells

that were positive for T-cell markers such as CD3, CD4, CD5, CD8 and B cell markers such

as CD21, anti-mu- heavy chain, and surface anti-kappa light, ruling out by phenotype

lymphoid neoplasms of either T or B cell origin. Figure 8 shows the phenotype of the cells

isolated from two separate lymph nodes taken from animal 16228 at autopsy. One lymph

node appeared normal and one was greatly enlarged. Lymph nodes are organs which are

lymphocyte rich and largely devoid of myeloid cells. Our analysis demonstrates that the cell

population which phenotypically dominated the histogram in the affected (enlarged) lymph

node was of a myeloid phenotype. The T cell component was 18% (CD3 marker) in the

enlarged LN while the normal-sized LN had over 70% T-cells.

We have attempted to generate tumor cell lines from tissues from the affected leukemia

bearing animals. Fig 9B demonstrates two tumor cell lines from CMLs from animals 14736

and 16454. These cells have been successfully passaged for over 6 months. Figure 9B

documents that these cells have maintained the original myeloid (CD16, CD172) phenotype.

Based on the described phenotype in combination with the clinical history, blood smears,

gross and histopathological data, these animals were diagnosed with a chronic myeloid

leukemia.
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3.6 An increase incidence of myeloid leukemias in the SLAd herd compared to humans

In a review of our database, the incidence of spontaneous myeloid leukemias in adult naïve

SLAd animals from the fifth generation (G5) to the tenth generation (G10) (table 3) has

shown that animals greater than or equal to 24 months of age and unassigned to an

experimental protocol had an incidence of 7.4% (5/67). Since most animals in our herd do

not reach this age due to their use for transplantation, only these animals were considered

relevant for comparison. If we included all animals born within these generations, a 2.3%

incidence has been observed. Despite the low numbers of pigs, the incidence evidenced in

our swine herd is much higher than what has been documented in the human literature, with

1/100,000 adults developing CML (Fletcher 2000).

3.7 Chromosomal and molecular characteristics of swine CML compared to healthy
animals

Tumor cell lines derived from animals 14736 and 15433 were karyotyped and compared to

normal healthy PBMCs (16879) (Fig 10A). The chromosome spreads were aligned by

morphology. Both 14736 and 15433 had one pair of chromosomes that did not match. They

were asymmetrical and indicated either the possible loss or gain of a large portion of a

chromosome arm. We then performed a PCR using BCR-ABL gene specific primers to

determine if the genetic change responsible for the spontaneously derived tumor found in

pig 14736 (and possibly other pigs) was the same as or similar to that observed in chronic

myelogenous leukemia (CML) in humans. We were specifically looking for a swine Ph+

chromosome like translocation, which is observed in most cases of human CML. Sequences

surrounding the known chromosomal breakpoint of the BCR and ABL genes in the human

K562 CML cell line, were compared to the available porcine or bovine sequences to identify

conserved regions for primer design. Primers were designed such that a product would only

be generated if this specific translocation had occurred resulting in the production of a

fusion protein. PCR was performed with these primers using cDNA from a tumor cell line

derived from the bone marrow of a pig with the CML-like tumor (14736) (2) as the

template. cDNA from the K562 cell line, which is known to express the Philadelphia

chromosome translocation (3), was included as a positive control. Normal human and

porcine peripheral blood lymphocytes (PBL), served as the negative controls. Faint bands

were observed with both the porcine and human tumors following 30 cycles of amplification

while there was no detectable signal in the normal samples (Fig 10 B). After an additional

20 cycles of amplification, two bands of approximately 300 and 500 nucleotides were

detected in the pig tumor sample (Fig10 B). A single distinct band of 450 nucleotides was

present in the K562 sample, as was expected for the amplification of the human BCR-Abl

fusion product. No PCR products were generated in the normal porcine and human PBL

controls.

Discussion

CML is typically a disease of older animals, documented in the canine and feline population

(Goldman and Graham 2000; Jacobs et al. 2002; Joiner et al. 1976; Leifer et al. 1983).

Manifestations of disease are often slow and non-specific. Symptoms such as fatigue,

lethargy, loss of appetite, and weight loss are commonly observed. A similar clinical picture
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was observed in our miniature swine at time of disease presentation. A diagnosis of CML is

challenging in pigs due to the absence of clear genetic markers, therefore a thorough and

often extensive workup was necessary to confirm the diagnosis. A leukemoid reaction was

ruled out as no other infectious/inflammatory agents were identified to be responsible for the

leukocytosis. All the animals reported here were important breeders within our MGH MHC-

defined miniature swine herd and a diagnostic workup was performed for the treatment of

their condition. Once leukemias were identified with an incidence higher than expected, we

instituted a protocol for their diagnosis with the goal to harvest them, and develop tumor cell

lines for the study of leukemias. We have not observed myeloid leukemias in young pigs

which is consistent with reports of chronic leukemias in other domestic species (Messick

J.B. 2000; Vernau and Moore 1999). In humans, the term chronic myeloid leukemia covers

a heterologous group of conditions. However, over 90% (Fletcher CDM) of these CMLs fall

into a group that is characterized genetically by the presence of the Philadelphia (Ph)

chromosome. The oncogene ABL fuses with BCR (from chromosome 22) and the BCR-ABL

hybrid gene functions as a protein kinase and it has a major role in leukemogenesis. There is

a small population of human CMLs that lack the Ph chromosome (Ph−). In these cases, the

tumors are morphologically indistinguishable from Ph+ CMLs. The absence of this genetic

marker, makes the diagnosis more difficult and requires an extensive workup (similarly to

what occurs to veterinary species where the Ph+ chromosome has yet not been documented).

Both in the human and veterinary species there is a marked increase of the WBC counts and

a concominant mild/moderate anemia (Fletcher 2000). Monocytes and neutrophil

myelocytes are the two most represented and commonly elevated cell lines. Flow cytometric

analysis confirmed that our animals developed a leukemia with a myeloid phenotype.

Demonstration of an increased population of cells that are CD172+, CD16+, and negative

for either T (CD3) or B (CD21) cell markers identified these neoplasias as of myeloid of

origin. Normal animals have >50% lymphocytes in their peripheral blood. The percent

lymphocytes in the peripheral blood from affected animals were significantly decreased as

the myeloid lineages were expanding (Table 2). These same cells were over-represented in

the enlarged lymph node (Fig 8) from animal 16228. It is possible that the normal lymph

node may have developed cytotoxic T cells to control the neoplastic cells or had yet not

been infiltrated.

The degree of basophilia and eosinophilia in humans with CMLs tend to be quite marked

with most of the cases exhibiting an increase of basophils and 80% develop an absolute

eosinophilia (Fletcher 2000). This was also observed in our pigs where these granular cells

of myeloid origin were elevated. The eosinophilia could be confused with eosinophilic

leukemia (EL) or idiopathic hypereosinophilic syndrome (HES). EL is a very rare disease,

most commonly reported in cats in the veterinary literature (Messick J.B. 2000). EL may

exhibit both mature and immature eosinophils in the peripheral blood and a significant

amount of eosinophil precursors are observed in the bone marrow. However in EL, the

eosinophils are the cell line that predominates in the hematogram. Though we do not have

specific eosinophil markers in the pig, histopathology and cytology were not concordant

with EL. In addition, conditions capable of directly or indirectly inducing an eosinophilia

such as parasites, eosinophilic granulomas or mast cell tumors were not identified. The

anemia in affected pigs can be explained by the increased expansion of myeloid precursors
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in the marrow with a shift of erythroid:myeloid ratio, thus causing a gradual decrease of

RBCs. These slow changes are observed in chronic leukemias not only in domestic species

but also in humans suffering from CMLs where they tend to have a mild to moderate anemia

in addition to the leukocytosis (Perkins P 2000). The hematogram parameters of all of our

leukemic animals were outside the normal documented ranges (table 2), are statistically

significant, and are compatible with a hematological malignancy.

LDH is a common marker that is utilized in the clinic to support the diagnosis of a

hemolymphatic neoplasia (Kabutomori et al 2007). In the veterinary domestic population

LDH has been reported in animals with lymphoma (Duncan J.R. et al. 1994). Interestingly,

these elevations in LDH are not found in leukemoid reactions (Duncan J.R. et al. 1994).

Though serum LDH is a non-specific enzyme that may be elevated with muscle, liver or

kidney damage, it’s increase in lymphomas and leukemias may be acute. We did observe a

statistically significant increase in the serum levels from the only two (tumor bearing) pigs

tested for LDH. In addition, an animal that developed post-transplant proliferative disease

(lymphoma) exhibited an acute elevation of LDH prior to the acute increase of the WBC

count (manuscript in preparation). To further support the rationale of using LDH as a

valuable diagnostic test in the diagnosis of CML, the tumor cell line 14736 (expanded and

immortalized in culture) produced more LDH than fresh PBMCs. As in human CML, LDH

is a valuable marker to differentiate a neoplastic process from a leukemoid reaction in pigs.

The gross pathology findings correlate with what is commonly reported in humans. These

include hepatosplenomegaly due to cellular infiltration, increased myeloid:erythroid ratio in

the BM, minimal dyshematopoietic features in the myeloid and erythroid lineages, and

enlarged lymph nodes (Fletcher 2000; Joiner et al. 1976). Because the animals presented

significantly sick they were promptly and humanely euthanized once the condition was

diagnosed. Since these animals were not followed or treated for their neoplasias, we did not

have an observation period in which a blast crisis could have occurred. Because prey

animals tend not to exhibit any signs of weakness until very sick, the late stage organ

involvement may be simply a consequence of a late diagnosis. Humans, in general, are

diagnosed earlier when the patient complains of weakness and lack of energy, and thus

initial diagnosis with multiorgan involvement is not as common.

While it is possible that the porcine leukemias may have a chromosomal translocation

similar as in human CML, at this point in time we are unable to document it. Although the

difference in chromosome numbers between pig (19 pairs) and human (23 pairs) make the

9→22 translocation in the pig impossible, a mutation or translocation affecting tyrosine

kinase unction (as in humans) may be responsible for the porcine leukemias. Karyotype of

cell lines 14736 and 15433 suggest an abnormal/asymmetrical arm in one of the

chromosomes. Restriction enzyme analysis targeting a homologous human/bovine BCR and

ABL gene has shown the presence of two bands in 14736, the only tested porcine cell line.

This band is absent in normal PBMCs and sequencing is currently being performed. As there

are no clear porcine BCR or ABL gene sequences that have been identified at this time, it is

impossible to predict if the dominant translocation resulting in human CML is also present

in the pig. It is conceivable that the most common translocation in porcine CML may be one

of the rare translocations observed in humans or one that either does not occur or has not yet
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been documented in humans. In any of these cases, identifying the translocation responsible

for porcine CML will be challenging. We must also mention, that it is conceivable that

instead of a translocation, our CMLs may have acquired a mutation in genes modulating

tyrosine kinases. A brief report documenting a leukemic blast crisis in a non-inbred SLAd

sow provides further support for the existence of a genetic linkage in the MHC-defined pigs

that is associated with hematopoietic neoplasias (Sipos et al. 2006). In addition, spontaneous

development of a CML in an SLAh haplotype (SLAd in MHC-II and SLAa in the MHC-I-

data not shown) pig of our herd may indicate that the CML mutation/translocation may be

found in the gene coding for the MHC-II molecule. Through selective breeding to maintain

pigs homozygous for the MHC-II gene, a genetic trait responsible for the leukemias may

also have been selected, similar to that previously reported in pigs developing lymphoma

(McTaggart et al. 1971).

Though there is some controversy about the best animal to model human disease, there is a

very large body of information where the pig is considered a very good model, specifically

the miniature swine, as their organs (when adults) are similar in size as observed in an adult

human (Laber et al. 2009; Swindle 2009). Pigs are very valuable for the study of

cardiovascular, nutritional, gastrointestinal and transplantation research. They are considered

good animal models because of their similarities in anatomy and physiology to humans. We

do however recognize that pigs are not the one and only model. All animal models have

their value in biomedical research and their utility depends on the question being

investigated.

In summary, spontaneous hematologic malignancies have been observed previously in large

animal models, including swine, but have often been broadly classified (Bostock and Owen

1973; Fisher and Olander 1978; Kadota et al. 1984; Kadota et al. 1987; Kashima et al. 1982;

Marcato 1987). We now report the development of a spontaneous leukemia in MGH MHC

defined miniature swine. Taking into consideration the clinical presentation, flow cytometry,

gross pathology and histopathology, we have diagnosed all of these cases as chronic

myelogenous leukemias. Some of these tumors have been successfully established as in vitro

cell lines and are candidates to become the first leukemias to be utilized as transplantable

tumors in inbred and MHC-defined large animals. Thus, inbred sublines of MGH MHC-

defined miniature swine and established porcine tumors may provide useful preclinical

translational models to study immunotherapeutic approaches to treat human leukemia.
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Figure 1.
Animal 16228 shows abdominal enlargement (Fig 1A bottom arrow) and iliac crest

prominence (Fig 1A- top arrow). The spinous processes are also visible in this animal (Fig

1B). These findings document the chronic weight loss exhibited in animal 16228. A healthy

age and weight matched animal is shown in Fig 1c&d‥
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Figure 2.
Severe leukocytosis (dots) was observed in SLAd animals with myeloid leukemia (2a)

(p<0.001). Normal leukocyte range is shown in left box and normal hematocrit in right box

(Fig 2a). All leukemic animals exhibited moderate to severe anemia (p=0.034). Only two of

the animals presenting with CML, 16228 and 16454, were tested for serum LDH levels prior

to the time of autopsy (2b) (p=0.042). Both had a marked increase in LDH. Immortalized

tumor cells derived from animal 17436 had an increased LDH production when compared to

fresh or PHA blasted PBMC for 24 hours (2c).” Note: the normal ranges (in parenthesis) for

all values have been normalized from hundred of animals. We show several healthy controls

in LDH graph as a comparison to the affected animals.
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Figure 3.
Flow cytometry of four affected SLAd animals. Forward scatter versus side scatter can be

compared to a healthy aged inbred SLAd control animal (17932). Increased events are

observed in the scatter plot in the monocyte area (dotted) and the granulocyte area (solid).

Lymphocytes are located in the dashed area.
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Figure 4.
(a) Representative blood smear (animal 16228). Crenation, hypochromia and some pyknotic

cells were observed. Abnormal leukocytes (Fig 4A–B) of the myeloid lineage were present.

Some of these cells appeared immature (dotted arrow) and blast-like. Bi-nucleated cells

(solid arrow) were observed. Immature myeloid cells with an abundance of cytoplasm

(dashed arrows) and eosinophils at different stages of maturity were also present (rounded

head arrows). (b) Cells (monocytes) from ascites were moderately larger in size, had a gray
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blue basophilic cytoplasm, an increased N:C ratio and were vacuolated . A clear area in the

cytoplasm, representing the Golgi zone, was observed in some of the cells (arrow).
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Figure 5.
Liver and spleen gross appearance of affected animals. All organs shown are enlarged.

Spleen (a,), liver (b). Animal 16228 (a,) and 16454 (b). Animal 16454’s liver exhibited

small hemorrhagic foci (b). A piece of the spleen in (a) were removed for tissue culture prior

to the taking of the photographs.
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Figure 6.
(a) The yellow arrow depicts a normal erythroid precursor (matarubricyte). The black and

blue arrows show myeloid cells (black arrow eosinophil and blue arrow monocyte lineage).

There is a mild-moderate increase of the myeloid:erythroid ratio. (b)Infiltrations of

malignant cells were observed in the lymph nodes (animal 14736). (c,d) Monocyte (black

solid arrow) and eosinophils (black doted arrow) are observed infiltrating the small intestine

(c) and stomach (d) in animals 14736 and 12933.
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Figure 7.
(a–c) Livers from animals 14736, 16454, 16228. The presence of monocytes infiltrating the

liver sinusoids (black arrow) is observed. Spleen from animal 14736 (d) also shows severe

infiltration of myeloid cells. A moderate amount of eosinophils were observed in the spleen.

Destruction of normal follicular architecture in the spleen was noted.
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Figure 8.
The peripheral blood mononuclear cells, an enlarged lymph node and a normal sized lymph

node (used as internal control) of animal 16228 is shown. PBMCs from a healthy animal

used as control at the time 16228 was analyzed is also shown. The PBMCs and enlarged

lymph node from animal 16228 clearly have an overpopulation of myeloid cells positive for

the CD16 and CD172 myeloid markers. The % of T cells represented by the CD3 surface

marker is clearly decreased in both the enlarged lymph node and the PBMCs of 16228 when

compared to the control PBMCs or the normal sized lymph node. These same differences

are observed, though at a lesser degree, with the B cell population stained for CD21.
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Figure 9.
We compare the immunophenotype between the PBMCs of animals 14736 and 16454 at

time of euthanasia with their established tumor cell lines which have been immortalized and

passaged in vitro for at least 6 months. The % positivity of every cell surface marker is

depicted with the PBMCs as more than one population (lineage) of cells is present. The

tumor cell lines did retain the myeloid phenotypic markers CD16 and CD172 while the

lymphoid markers CD21 and CD3 were absent. Both tumor cell lines were positive for

MHC-I and MHC-II. Differences in the expression of class I and II were observed in the

PBMCs. The immortalized cell lines were analyzed using the mode/mean fluorescence

intensity of the surface markers as a more homogeneous population is expected. The mean

and mode fluorescence intensity is depicted while assessing the tumor cell lines (b).
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Figure 10.
(A) Karyotype of CML lines 15433 and 14736. PBMCs from animal 16879 were used as a

control. Left panel depicts chromosomes unarranged in the slides. Alignment of the

chromosomes by morphology is shown in the middle panels. Photoshop was utilized to

enhance the contrast between the chromosomes and the background. The two CML lines

15433 and 14736 had an asymmetric chromosome (solid arrow). (b) RNA from 14736 CML

cells was assessed for BCR/ABL translocation through PCR (refer to materials and

methods). A human CML line K562 was utilized as a positive control. Both swine and

human tumors (T) were run in a gel with a normal (N) control of each corresponding

species. Two bands (1,2) were observed in the PCR product of 14736 and one band (3) from

K562 human CML. No bands were observed in the negative controls as expected.
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TABLE 1

Generation(G) from point of inbreeding (brother-sister mating) in the SLAd line. We are currently in

generation eleven (G11) of brother sister matings. All animals affected were over 30 months of age.

Animal number
Date of
Death Age(months)

Generation
(G)

12933 5/1/2001 44 G5

14736 8/6/2004 38 G8

15433 11/17/2005 37 G9

16454 5/30/2007 31 G10

16228 9/6/2007 42 G10
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